Industrial utilization of fly ash from various kinds of fuel plays an important role in the environmentally clean and cost effective power production. The primary market for fly ash utilization is as a pozzolanic addition in concrete production. The paper concerns the concretes containing fly ash called Fly Ash from Biomass (FAB) from co-combustion of hard coal and wood biomass (wood chips). Characterization of the fly ash was carried on by means of X-ray diffractometry and E-SEM/EDS analysis. The results of laboratory studies undertaken to evaluate the influence of FAB on concrete resistance to surface scaling due to cyclic freezing and thawing in the presence of NaCl solution were presented. The tests were carried out for concretes containing up to 25% of fly ash related to cement mass. Additionally, the microstructure of air-voids was described. It was concluded that the FAB has significant effect on concrete freeze/thaw durability. The replacement of cement by fly ash from co-combustion progressively transformed the concrete microstructure into less resistant against freeze/thaw cycles and excessive dosage (over 15%) may dangerously increase the scaling.
I
The co-combustion of coal and biomass is becoming more and more popular due to the EU regulations concerning the application of renewable sources of energy. The increased demand for energy is forcing towards more rational use of non-renewable sources of energy, together with the expansion of the renewable sources of energy, as well as the creation of ecologically and economically acceptable combination. Biomass has became an increasingly important energy source all over Europe, and the application of biomass in power plants makes a significant contribution to the reduction of CO 2 emission. The combustion of wood biomass and coal in existing large-scale boilers offers several advantages over great boilers fired exclusively with biomass, such as high electrical efficiency and lower investment costs. Substituting biomass for coal also reduces SO 2 emission through decreasing bound sulphur in fuel [1, 2] .
Fly ash can be either an industrial waste material and ecological nuisance, or a valuable raw material. For the latter purposes, its properties need to be defined precisely and controlled so that a uniform and reproducible material can be supplied. Fly ash is widely utilized as an additive and its effects on the properties of Portland cement and concrete have been comprehensively investigated. However, there are many characteristic properties of fly ash coming from the co-combustion of a biomass fuel with a fossil fuel. Factors such as an origin of the coal and biomass, their proportions in fuel mix, as well as combustion conditions, strongly affect chemical and mineralogical composition(s) of fly ashes, resulting in the production of different kinds of fly ash [3, 4, 15] .
It is known that the incorporation of fly ash increases porosity of the hardened cement paste at early ages, but the average pore size is reduced, and this often results in a less permeable cement paste. The dense transition zone between aggregate and matrix is also a result of the use of fly ash. The concrete containing fly ash is, therefore, less susceptible to the ingress of harmful ions, [16] .
In phenomenon of scaling resistance the ingress of aggressive ions can be reduced by fly ash as an additive or as a cement replacement. However, the FAB fly ash differs in physical and chemical properties from the traditionally used fly ashes. The useful properties of these materials have to be determined for every application.
The aim of the investigations was to determine the maximum amount of fly ash (FAB) from co-combustion of hard coal and wood biomass as a cement replacement that could be used without risk of scaling on external face of concrete structures. The frost resistance of concrete due to cyclic freezing and thawing with de-icing salt saturation was determined and tested according to PKN-CEN/TS 12390-9:2007, [5] .
E   

M
The ordinary Portland cement (OPC) CEM I 42,5 N-HSR/NA, river sand, fraction 0÷2 mm, and the natural aggregate with maximum diameter of 8 mm were used. The ordinary concrete without any additive was made for reference, and the concretes with 5%, 15% and 25% cement replacement by fly ash from co-combustion of hard coal and wood biomass was prepared for testing. The fuel mixture burned in thermal power station consisted of 60% of coal and 40% of biomass from wood chips.
The chemical composition and specific gravity of (the) cement and fly ash from co-combustion of hard coal and wood biomass are presented in Table 1 .
The phase composition of fly ash was determined on the basis of diffractional X-ray analysis, Fig. 1 , [6] . The X-ray pattern of fly ash tested was different from X-ray Table 1 Chemical composition of cement and fly ash from co-combustion of hard coal and wood biomass.
Skład chemiczny cementu i popiołu lotnego pochodzącego ze współspalania węgla kamiennego i biomasy drzewnej pattern of conventional fly ash from coal combustion. The tested material contained glassy and crystalline phases and amorphous glass, which was an active part of fly ash. Two main crystalline phases were determined: β-quartz and hematite. The fly ash contained also magnetite and iron sulfite. There was no mullite in fly ash tested. The lack of mullite, typical phase in conventional fly ash, can be explained by relatively low temperature of burning (c. 850 The shapes of fly ash grains were determined by using the environmental scanning electron microscope E-SEM Philips XL 30 operated with a poor vacuum in specimen chamber. The specimens did not need to be coated with a layer of electrically conductive material. The analysis of chemical composition of fly ash was carried out in selected points using the energy dispersive X-ray analyser EDS Link ISIS with acceleration voltage of 18 kV. The observations were conducted with magnification from 50 to 1000 times. Fig. 2 . E-SEM image of fly ash from co-combustion of hard coal and wood biomass, magnification ×5000. Rys. 2. Zdjęcie z mikroskopu skaningowego, popiół lotny ze współspalania węgla kamiennego i biomasy drzewnej, powiększenie ×5000
The fly ash from co-combustion contains small number of spherical grains. The plate and elongated shapes were also found but the most of grains had irregular or shapeless form. In chemical composition such components as carbon (the specimens were not coated with carbon before investigation), which can cause pozzolanic activity decrease, phosphor and significant amount of calcium was observed. The conditions of combustion as well as the presence of biomass in fuel have an effect on composition of fly ash.
Pozzolanic activity of fly ash was evaluated according to standard EN 450-1 [7] . The pozzolanic activity index was determined on the basis of the comparison of compressive ( f cm ) of mortars containing 75% of cement and 25% of fly ash, and cement mortar without addition. The mortar mixture consisted of binder, water and fine aggregate in proportion 1:0.5:3. The value of pozzolanic activity index, determined after 28 and 90 days of curing, should exceed 75% and 85%, respectively. The values of pozzolanic activity after 28 and 90 days were 96% and 100%, respectively. The fly ash tested points out pozzolanic activity. [8] . Cement content in the control concrete was 350 kg/m 3 . The air-entrainer agent (AEA) in amount of 0.1% of the mass of binder (cement and FAB) was used. The aim of introducing the same amount of AEA was to estimate the admixture efficiency in concrete mix containing fly ash of significant content of unburned coal. The composition of all concrete mixes is given in Table 2 The same mixing procedure was used for all concretes:
Dry mixing of normal weight aggregate for 3 min., Half the amount of water was added, Cement (and FAB) was added and mixed for 1 min., Finally the rest of water with admixture was added and mixed for 3 min. The workability, density and air-content were measured directly after mixing. The specimens were vibrated in forms and covered by a plastic film. After de-moulding the specimens were stored for 24 hours in water and then in the air at 20±2
• C and 65±5% relative humidity until testing. The morphology of concrete with addition of fly ash from co-combustion was investigated by E-SEM analysis. The examples of the interfacial transition zone for concrete containing 25% of fly ash related to cement mass as well as for control concrete are presented in Fig 4 .
In concrete without fly ash C-S-H phase mixed with portlandite can be seen (Fig.  4c) . The clearly marked grain orientation of hydration products -parallel to the surface of the aggregate grain, is visible. The C-S-H concentrations, showed in Figs 4a and 4e, can be credited to C-S-H III according to Diamond.
The spatial forms of hydrated calcium silicates of C-S-H II were observed in concrete containing fly ash from what-combustion (Figs 4b, 4d, 4f) . The compact layer of homogeneous Ca(OH) 2 is showed in Fig. 4d. 
D      
Freeze/thaw exposure was carried out on one-dimensional, upper horizontal surface of the specimens -cutting surface, while the remaining surfaces were isolated against humidity and heat transfer. Every series was composed of 3 cubes.
After 28 days of curing, a 50 mm thick specimen was sawn from each cube perpendicular to the top surface, so that the saw cut for the freeze surface was located in the centre of the cube. The rubber sheet was glued to all surfaces of the specimen except the test surface. The edge of the rubber sheet reached 20 mm above the test surface. Then, all surfaces of the specimen with the exception of the test surface were thermally insulated. The top exposed surface was covered with demineralised water during 72 hours. Directly before the specimens were placed in the freezing chamber, water was replaced by 3% NaCl solution. The freezing medium was prevented from evaporating by applying a flat polyethylene sheet. Then the cooling and thawing cycles, each of 24 hours, were applied. The scaled material was collected and weighed after given numbers of freeze/thaw cycles, and the results expressed as mass per unit area have been recorded. The test of the specimens according to the Standard should end after 56 cycles, but the test was carried on up to 112 cycles in order to obtain results after longer exposure. The mean mass of scaled material after 28, 56 and 112 cycles was used for evaluating the scaling resistance, according to the criteria presented in Table 3 .
Table 3
Criteria of the scaling resistance evaluation, [6] . Kryteria oceny odporności betonu na powierzchniowe łuszczenie, [6] Scaling resistance Requirements The successive cycles of temperature were measured every hour with the thermometer LB-711 working with 6 surface probe and recorded. Temperatures in the 3% NaCl solution layer on the top of the specimen were measured every hour.
D   - 
Air-content A, specific surface α, spacing factorL and the content of micropores below 0.3 mm A 300 in the hardened concrete specimens were measured with the PN-EN 480-11, [12] method on plane sections (computer program ImagePro Plus) after 28 days.
Careful preparation of specimen technique was elaborated in the Institute of Fundamental Technological Research. According to this technique, concrete specimens of planar dimensions 100 × 100 mm were polished with SiC powders of different gradation. After polishing and before acceptance of the preparation, the surface was inspected by using a stereomicroscope to avoid acceptance of the surface with pro-cessing defects. The next step was colouring the surface with a blue marker, which was followed by filling the air voids by white, contrast paste. The surplus of the paste was removed and finally the surface was cleaned and protected by oil. At the end, the quality of preparation, especially the accuracy of the air-void filling by the white paste was controlled again under the microscope. If the quality of the surface was poor the whole treatment had to be repeated. The measurements should be carried out only on very carefully prepared specimens, which seemed to be the main point to assure high quality of the results. The image analysis system was composed of image analysis software, software for controlling the scanning table, an automatic scanning table, a stereoscopic microscope, a colour video camera, and a cold light source − "swan neck". A special program for automated air void analysis based on the linear traverse method was used, [12] . Each specimen was tested by using 45-traverse lines.
R  
The data on the density, porosity and compressive strength are given in Table 2 .
Although the same percentage of air-entraining agent was introduced into the concrete mix, the air content in fresh concrete control (FAB/C = 0.0) was 11%, and in concrete with FAB/C = 0.25 was only just 2.5%. The density of fresh concrete with FAB/C = 0.0 and 0.25 was 2114 kg/m 3 and 2367 kg/m 3 , respectively. In order to attain the proper air content in concrete the increased amount of air-entraining agent content in the concrete mix was necessary. Problems with the proper air entrainment were probably related to the high content of unburned coal -loss on ignition in fly ash was equal to 6.9%, because its presence neutralized the air-entraining agent effect.
The form of unburned carbon fly ash appeared to be responsible for the absorption of AEA. A large part of the carbon surface was non-polar compared with the polar surface of the inorganic particles. This provides active absorption sites for the hydrophobic part of the surface, thus the carbon competes with the air/water interface. The interactions between carbon and AEA are discussed in details in [14] .
The results of the scaling resistance are given in Fig. 5 . The cement replacement by fly ash from co-combustion decreased the scaling resistance of concrete, Fig. 6 . The resistance to scaling (the efficiency of air-entraining agent) was directly connected with fly ash content in concrete mix. Scaling resistance of concrete with FAB/C = 0.05 was very good, comparable with scaling resistance of control concrete (FAB/C = 0.0), and mass of scaled material did not exceed 0.1 kg/m 2 , even after 112 cycles of freezing and thawing. For concrete with FAB/C = 0.15, good scaling resistance was reached, according to the criteria of Table 3 , the mean mass of scaling did not exceed 0.2 kg/m 2 . Slow increase in mass of scaled material and imperceptible damages of frozen surface were observed.
The addition of 25% of fly ash related to cement mass caused significant drop in concrete resistance to cyclic freezing and thawing in the presence of de-icing agents. After 56 freeze/thaw cycles the mean mass of scaled material was greater than 1 kg/m 2 ( Fig. 5) .
The results of scaling resistance obtained were directly connected with results of fresh concretes properties. The scaling resistance test was initiated, according to procedure [12] , after 28 days of curing, when concretes with fly ash were in phase of significant changes in their microstructure, and this fact should be considered during scaling resistance evaluation. Table 4 shows the characteristics of the microstructure of air-voids and Fig. 6 distribution of the air content in the classes of their diameters. For all concretes the air-content was decreasing with increasing of the fly ash content. The values of air content, and consequently that of specific surface α, spacing factorL, and content of micropores A 300 showed very large variations. In the first place, the values of porosity measured in the fresh mix varied from the values of air content measured on concrete plane sections. The best correlation was obtained for concrete with 15% of cement replacement by FAB. The total air content of concretes varied from 2.32% to 7.64%. Concrete without fly ash addition has showed higher porosity than other concretes. Fig. 6 presents distribution of the air content in the classes of the concrete air-voids diameters. It is clearly visible that the content of pore volume below 0.3 mm is dramatically low in concrete with 25% of FAB. The content of micropores below 300 µm decreased with increasing of fly ash content. The values of spacing factor varied from 0.10 mm -concrete without fly ash, to 0.74 -25% of fly ash replacement. In Fig. 7 , the influence of FAB/C is clearly visible. The influence of FAB on the microstructure of air voids is negative, from the point of view of external and internal frost resistance. More the cement replacement by fly ash from co-combustion of hard coal and wood biomass, less the evenly distributed round/spherical air-voids from air-entrainment.
The analysis of test results of total porosity confirmed the influence of fly ash on (of the) efficiency the air-entraining agent used. The air-entraining process had no effect on increase in (the) total porosity of concrete with FAB/C = 0.25.
C
Based on the results and discussion, the following conclusions are proposed:
1. The phase composition, as well as chemical composition, of fly ash from co-combus-tion of hard coal and wood biomass differs from these of a conventional fly ash. The tested fly ash can be considered as a supplementary cementing material, although the content of biomass in fuel mixture was relatively high. The material points out pozzolanic activity. 2. The rate of strength increase in fly ash concrete is slower and sustains for longer periods. However, the concretes containing fly ash, in considered range of FAB/C values, are capable of developing compressive strength comparable with Portland cement concrete. After 90 days the strength of FAB concretes was higher than in the control concrete (Portland cement concrete) strength.
3. The efficiency of air-entraining agent depends on the fly ash content in a concrete mix. The density and porosity of fresh concrete is strongly affected by fly ash content.
4.
The scaling resistance in all tested concretes decreased with the content of FAB, but the changes in scaling resistance for both 5% and 15% cement replacement by FAB were not significant.
5. The addition of 25% of fly ash caused worsening of material's resistance to scaling.
6. Further research is needed in the following directions: -The compatible performance of air-entraining admixtures and superplasticisers in relation to microstructure of air voids, -The influence of 20% cement replacement by FAB on scaling resistance. For wider and wider usage of the co-combustion of fossil fuels and biomass, fly ashes arising in this process will be the object of interest of cement and concrete industry. The possibility of the utilization of these ashes as the active concrete addition is determined by their chemical and mineralogical composition. The tested fly ash from co-combustion of coal and biomass can be considered as a supplementary cementing material for manufacturing the ordinary concretes. Considering the variation in properties of the fly ash, its applicability should be verified for every kind of utilization with respect to appropriate conditions. 
E 
Industrial utilization of fly ash from various kinds of fuel plays an important role in the environmentally clean and cost effective power generation. The primary market for fly ash utilization is as a pozzolanic addition in concrete production. The possibility of the utilization of these ashes as an active concrete addition is determined by their chemical and mineralogical composition. The paper concerns the concretes containing fly ash called Fly Ash from Biomass (FAB) from co-combustion of hard coal and wood biomass (wood chips). Characterization of the fly ash was carried on by means of X-ray diffractometry and E-SEM/EDS analysis. The results of laboratory studies undertaken in order to evaluate the influence of FAB on concrete resistance to surface scaling due to cyclic freezing and thawing in the presence of NaCl solution are presented. The tests were carried out for concretes containing up to 25% of fly ash related to cement mass. Additionally, the microstructure of air-voids was described.
The tested fly ash can be considered as a supplementary cementing material. The test results pointed out the pozzolanic activity of fly ash. The density and porosity of fresh concrete is strongly affected by fly ash content. The rate of strength increase in fly ash concrete was slower and sustained for longer periods. However, the concretes containing fly ash, in considered range of FAB/C values, were capable of developing the compressive strength comparable with Portland cement concrete strength.
The efficiency of air-entraining agent was influenced by the fly ash content in concrete mix.
The scaling resistance in all tested concretes decreased with the content of FAB, but the changes in scaling resistance, for both 5% and 15% cement replacement by FAB, were not significant. The addition of 25% of fly ash caused worsening of material's resistance to scaling. Considering the variation in properties of the fly ash, its applicability should be verified for every kind of utilization with respect to appropriate conditions. WPŁYW POPIOŁU LOTNEGO ZE WSPÓŁSPALANIA WĘGLA I BIOMASY NA ODPORNOŚĆ BETONU NA POWIERZCHNIOWE ŁUSZCZENIE S t r e s z c z e n i e Przemysłowe wykorzystanie popiołów pochodzących ze spalania różnych rodzajów paliw ma istotne znaczenie dla ekologicznie czystej i ekonomicznej produkcji energii elektrycznej. Podstawowym sposobem utylizacji popiołów jest ich wykorzystanie w produkcji betonu jako dodatku o właściwościach pucolanowych. Praca dotyczy betonów zawierających popiół lotny (Fly Ash from Biomass, w skrócie FAB) pochodzący ze współspalania węgla kamiennego i biomasy drzewnej (zrębków). Właściwości popiołów określono przy zastosowaniu dyfraktometrii rentgenowskiej i analizy E-SEM/EDS. Przedstawiono wyniki badań laboratoryjnych mające na celu ocenę wpływu FAB na odporność betonu na złuszczenia powierzchniowe pod wpływem cyklicznego zamrażania i rozmrażania w obecności 3% roztworu NaCl. Przedmiotem badań były betony zawierające do 25% popiołu lotnego w stosunku do masy cementu. Dodatkowo, scharakteryzowano mikrostrukturę porów powietrznych w betonie. Stwierdzono znaczący wpływ popiołu pochodzącego ze współspalania węgla kamiennego i biomasy drzewnej. Odporność na powierzchniowe łuszczenie wszystkich badanych betonów obniżała się wraz ze wzrostem zawartości FAB, jednakże zmiany te, przy zawartości dodatku 5% i 15% w stosunku do masy cementu, nie były znaczące. Wprowadzenie 25% popiołu lotnego spowodowało pogorszenie odporności materiału na powierzchniowe łuszczenie.
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